In the present study, three-dimensional flow structure around two simple series of groynes with different shapes of head was investigated using a numerical model known as SSIIM. The model solved the fully three-dimensional, RANS equation to simulate flow upstream, downstream of the groynes as well as their embayment in which a fully complex 3D flow is governing. Two case studies were considered: a simple series of straight groynes and a simple series of groynes with T-shape head. The reattachment length was computed and by illustrating the hydrodynamic of flow at different longitudinal, transverse and vertical sections, an attempt was made to give a 3D understanding of flow around a simple series of T-shape groynes and to highlight its differences with the similar series of groynes with I-type head which is the typical form of groynes in practical designs. Finally, in this study an in-depth discussion about the physics of flow was done in order to compare the performance of a series of T-shape groynes with that of straight ones based on the primary objectives of the designs of the groynes.
INTRODUCTION
Groynes are structures constructed at an angle to the flow in order to deflect the flowing water away from critical zones. They are made of stone, gravel, rock, earth, or piles, beginning at the riverbank with a root and ending at the regulation line with a head 1) . They serve to maintain a desirable channel for the purpose of flood control, improved navigation, erosion control and a measure to enhance diversities of channel morphologies and riverine eco-systems. Various types of groynes can be distinguished according to their form in plan: straight (I-type), T-head, L-head, hockey shaped and etc. In fact, in spite of their very simple geometry, groynes produce a very complex flow structure that comprises flow separation from fix point(s) and reattachment of shear layer.
So far the considerable works have been devoted to the study of the "single straight" shape groyne, mainly aimed at investigating the flow structures around them. On the other hand, there are some limited researches and knowledge about the study of flow around groynes with different shapes of head, especially when they are arranged in a series.
In 1964, Linder et al conducted a set of experiments to find the optimum combination of a series of L-shape in a left bank of a reach of Missouri River in the U.S 2) . They finally found that using such kind of groynes can form the bigger sand bars in the main channel and this can result in restricting navigation path along the river. According to these findings they suggested the optimum opening between two consequent groynes should be around 42 percent of the distance between the bodies of those groynes. In 2009, Vaghefi and Ghodsian studied flow field scouring around a single T-shape groyne in a 90 degree bend 3) . In 2010, Kadota et. al. conducted a series of experiments in which they studied hydrodynamic of flow around an individual T and L-shape groynes 4) .
To sum up, so far the researches about groynes have mainly focused on the study of straight groynes and even in the few researches about other shapes of groynes, the most cases were individual groyne (not series). In other word, there is a considerable interest and debate on how to optimize the groyne shape and their spacing in a series of groynes in order to increase their functionality 5) specifically when it is needed to design nature-friendly groynes and to improve the bio-diversity of living environment of riverine biota and fauna by applying this kind of hydraulic structures inside the streams. The purpose of this study is to investigate the three-dimensional turbulent flow structure around a simple series of T-head groynes and its distinctions with the similar series of groynes with I-type head which is the typical form of groynes in practical designs. An in-depth discussion is given and tried to compare the performance of these two types of groynes based on the primary objectives of designs of groynes and an attempt is made to identify the three-dimensional mean flow structure inside the separation regions in order to shed light on the hydrodynamics of flow of a series of T-type groynes. The importance of this study can be highlighted regarding the fact that controlling bank erosion, better navigation and/or improving biodiversity are being directly affected by the pattern of flow structures and accordingly on the basis of the primary objectives of the application of groynes, using a series of T-type would be an advantage compared to common designs.
NUMERICAL MODEL
The numerical model used in the present study is called SSIIM, an acronym for Sediment Simulation In Intakes with Multiblock option developed by Olsen at Norwegian University of Science and Technology 6) . SSIIM solves the 3-D Reynoldsaveraged Navier-Stokes equations to calculate water flow. As it was mentioned earlier, the flow around the groynes is fully turbulent and three-dimensional and it is necessary to use an advanced turbulence model to handle this 3-D flow problem. In this study turbulent stresses in the Reynolds-averaged equations will be closed by standard k-ε turbulence model. For discritization, the control volume is divided into finite volume and the governing equations are solved for each cell and each variable. Besides, a structured, non-orthogonal, non-staggered grid is used to describe the physical domain of the case studies.
Due to the existence of the circulation zones in the flow field, the convection terms are discretized using the SOU scheme. For velocity-pressure coupling, the SIMPLE algorithm is adopted. Due to the fact that the grid is non-staggered, to avoid instabilities in the calculations of velocities and pressure, the Rhie and Chow interpolation method is applied.
For boundary condition, the "velocity inlet" boundary condition is applied to the inlet plane. Therefore, in this study the channel length before the test area (first groyne in the series of groynes) was checked to ensure about the enough length needed to fully-develop the velocity profile before reaching the groynes. The outlet of the channel is defined using "outflow" boundary condition. The bed and side wall are solid boundaries and the "wall" boundary condition is used for these boundaries. For k-ε turbulence model, the standard wall function is applied to bridge the near wall boundaries and turbulent regions.
Since in such cases the changes of water surface around the structure are considerable and cannot be neglected, in this study the water surface calculation was also applied in order to incorporate fully 3D turbulent modeling and free-surface flow.
(1) VERIFICATION
Before employing the numerical model with the aim of the study the flow pattern around two series of groynes with different shapes of head, it was necessary to ensure the accuracy of the numerical code. Due to the lack of reliable experimental data for a series of T-head groynes, the verification of model was done by a set of available experimental data of single groyne carried out with satisfactory precision by ADV. The test case had been conducted in a straight rectangular flume with 11m length and 1m width by Safarzadeh et al 2010 7) . The steady-state water discharge of 60 lit/s and the equivalent normal depth h=143mm was applied in the flume entrance. The groyne had been installed in the channel 7 m downstream of the entrance of the channel with 15 cm length, 1 cm width and 15 cm height with a 90-degree angle toward the mainstream. To make the suitable mesh of modeling, the required criteria such as "y+" criterion near the walls and bed was checked to avoid from the instability in the results.
Considering the time-consuming process of the solving of the domain, a non-uniform grid of 40*12 in the transverse and vertical directions was employed. In the stream-wise direction 300 planes were used. u v w   in which u, v and w are respectively longitudinal, transverse and vertical components of velocity) in different cross sections of upstream and downstream of the groyne in the planes near the water surface and close to the bed. It can be seen that agreements between measured and computed velocity are quite satisfactory. However in some points the performance of the model was not pretty well which might be due to the lack of the k-ε turbulence modeling to model the turbulence-driven recirculation perfectly.
(2) CASE STUDIES
In the next step and after the verification of the model, the 3D numerical code was applied on two different series of groynes: a simple series of straight groynes and a simple series of groynes with T-shape head (Fig. 2) and the effect of different shapes of head on the pattern of flow field will be discussed. Table 1 shows the characteristics of each case in which L is the length of the groyne, Q is the discharge in the upstream of the channel, h is the normal depth of water applied in the inlet of the channel, B is the width of the channel, Lw is the length of the wing of the groyne (in the T-shape case), Fr is the Froude number and Re is the Reynolds number. The length of embayment of groyne was also fixed to 2L (in which L is the length of the groyne's body). For the T-shape case this length was assumed between the downstream tip of the wing of first groyne and the upstream tip of the wing of the latter one in the series. Fig. 3 shows the positions of the studied planes. Fig. 4 shows the path of streamlines of the flow in the plane close to the channel bed (plane 1yz in Fig. 3 ) and the plane near the water surface (plane 2yz in Fig. 3 ) at the upstream and downstream of the groynes as well as inside the groynes' field. Having a glance at the path of streamlines in the plane near the bed of T-shape case shows that unlike the straight 
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groynes, a reverse flow from the near of the head of the groyne is present which goes toward the bank of the channel. Conversely, in the straight groynes the direction of deflection of the lower level flows is mainly toward the head of the groyne. This fact can qualitatively lead to increasing of the danger of the erosion of the banks upstream of the first groyne of the T-head series. Further investigation about the path of streamlines in these two cases reveals that, however the dimensions of gyre for the straight groynes have not been changed a lot along the depth, the gyre near the water surface has tendency to escape from the embayment. Alternatively, for the T-shape groynes, the characteristic of gyre inside the embayment is quite different. In the near bed surface, there are two clock-wise rotating zones: the main one which occupies almost the whole of the embayment and another small anti-clock-wise rotating zone which is located just upstream of the latter groyne in the series. In addition, the presence of another small gyre just in front of the wing of the upper groyne can be seen. Fig. 5 shows the contour of velocity magnitude in the level of near bed as well as the level close to the water surface for both cases. In all cases the zone of maximum velocity occurs alongside of the outer zone of the shear layer. Comparison between the contour of plane near the bed for both shapes shows that in the T-shape case the zone of high velocity has moved toward the opposite bank of the channel. The main cause of this fact can be the presence of the wing of the groyne for T-head case. In other word, the wing of the T-head groyne moves the high velocity zone away from the body of the groyne toward the main channel and/or opposite bank. In addition, the amount of maximum velocity magnitude has reduced for T-shape groynes. The direct effect of this decrease can be arising on the changes in the bed shear-stress. Then it can be expected that in this case the pattern of bed-shear stress as well as the potential of the erosion would be reduced. Generally, it can be seen that the extension of high velocity zone in the series of straight groynes is more than the T-shape case. In Fig. 6 , the distribution of vertical component of velocity around the groynes in the plane close to the channel bed has been shown. The goal of this illustration is delivering an image about the zone of the formation of horseshoe vortices around the groynes. Actually, presence of two positive and negative zones near the upstream of the head of upper groyne is the sign of the formation of horseshoe vortex. The first point which can be seen from this figure is the ability of T-shape groyne to deviate the horseshoe vortex from the body of the groyne. In fact, the presence of the wing of T-shape head has the main effect on the mechanism of the interaction between the approaching flows near the bed and the vortex zone upstream of the groyne's head in order to 
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keep the center of the vortex zone far from the first groyne's body in the sequence of groynes.
To have better understanding about the 3D structure of vortices around the series of groyne, it might be better to have a look on the path of streamlines in three different longitudinal sections: "1xz" (in Fig. 3 ) which means the section just close to the wall; "2xz" (in Fig. 3 ) and "3xz" (in Fig. 3 ) which means the section tangent to the groynes' heads. Fig. 7 shows the comparison between paths of streamlines for two cases in these three sections. It is clear that the general structures of vortices in these two cases are quite different. At the upstream part of the straight groyne case, the approaching flows in the below levels confront to the reverse direction of downward flows and it results in formation of a clock-wise rotating flow near the channel bed. Moving toward the groyne's head, this rotating zone weakens so that it would be disappeared near the section tangent to the groynes head; however, along this way its center goes for the body of the upstream groyne in the series. Comparing this region with its counterpart in the series of T-head groynes shows that unlike the straight groynes, a rotating zone is present at all sections (Y/L=0.1, 0.5 and 1.0) of T-type groynes. In addition, the center of this rotating flow moves toward the bed channel by traveling from the near wall section to the section tangent to the groynes' heads. By comparing the upstream part of first groyne in the series of straight groyne and T-shape one, it could also be pointed out that due to existence of the wing in the T-shape head, the center of rotating flow which is the meeting point of approaching flows near the bed and reverse direction of downward flows, goes a pretty much farther comparing to the similar situation in the straight groynes. This difference for the section of Y/L=0.5 (plane 2xz in Fig. 3 ) is about 0.4X/L and this reveals again another effect of the presence of the wing in T-type groynes, as it is discussed earlier. In the downstream part, but the difference due to the existence of T-head shape is more important. In the series of T-head groyne, a strong vertical clock-wise rotating zone is present just downstream of the latter groyne's body. The center of this zone which occupies almost the entire depth of water is almost fixed near the downstream edge of the groyne's wing; however it goes a little bit downward by going away from the wall. In the straight groynes this full-size vertical gyre is confined to a small surface zone attached to the body of groyne. By now the pattern of mean flow around two series of groynes with different shape of head was discussed.
To investigate turbulence characteristic as well as the structure of shear layer and horseshoe vortices around these types of groynes Fig. 8 is illustrated. This figure shows the path of streamline and the contour of turbulence kinetic energy (TKE) in three different sections: "1d", "2d", "3d" (See Fig. 3 ). As can be seen in Fig. 8 , in all sections for the straight groynes, a vertical high energetic zone is able to be seen. Another limited high energetic core is also available just in the section passing upstream of the first groyne in the series. In the T-shape series, this high energy core can also be seen in the section inside the embayment, while in the similar section of the straight groynes case this near bed high energy core has almost weakened. By comparing the contour of TKE and path of streamlines in all sections in both cases, it can be seen that the position of vertical zone is in accordance with the location of shear layer around the embayment. Moreover, the cause of the formation of the second high energetic core is also related to the formation of horseshoe vortex in front of the head of groyne and near the channel bed. By this explanation and referring to the Fig. 8 , it is obvious that the depreciation of horseshoe vortices in the series of straight groynes is faster than those of T-shape ones. Because as can be seen in Fig. 8 -II, in the second section which is located inside the embayment, a horseshoe vortex is still present in the T-head groyne, while in the straight groynes the horseshoe vortex which existed in the Fig. 8-I has been disappeared along the downstream. In the series of straight groyne case and especially in the first groyne of the series, the location of the center of the horseshoe vortex is so close to the location of shear layer compared to the T-head groynes in which the center of horseshoe vortices is pretty much far from the shear layer. This fact can lead to the increase of interaction between horseshoe vortex and shear layer in the series of straight groynes compared to the series of T-shape groynes. This increased interaction would intensify the shear stress in this type of groynes compared to T-type. This fact is in consistency with the results discussed earlier. 
CONCLUSION
In this paper, mean flow hydrodynamics around two series of groyne with different shapes of head were studied using a 3D-numerical model. The effects of different shapes of head in a simple series of groynes were evaluated by presenting the 3D mean flow characteristics in different longitudinal, transverse and vertical sections. These studies showed that the length and width of the recirculation zone (reattachment length) for the T-type groynes would be decreased. Additionally, the presence of the wing of the T-shape groynes has significant effects on the formation of horseshoe vortices around the groynes in the series. Overall, the existence` of the wing can increase the stability of the body of the groyne against the erosion because of the moving the high-stress (energetic) regions away from the body. Besides, it has another type of effect on the distribution of high velocity zone toward the main flow (as well as the opposite bank) which can have effect on the formation of point bars and bed topography in the main part of the channel and consequently can roughly be considered as a better option for improving the navigation. 
